Systematics of superheating (ϭT/T m Ϫ1) of crystalline solids as a function of heating rate (Q) are established as ␤ϭA(Q)(ϩ1) 2 , where the normalized energy barrier for homogeneous nucleation is ␤ϭ16␥ sl 3 /(3kT m ⌬H m 2 ), T is temperature, T m melting temperature, A a Q-dependent parameter, ␥ sl interfacial energy, ⌬H m heat of fusion, and k Boltzmann's constant. For all elements and compounds investigated, ␤ varies between 0.2 and 8. Superheating (ϭT/T m Ϫ1) of a crystalline solid occurs when the long-range order of the crystalline structure is maintained up to certain temperature T above the equilibrium melting temperature T m . Previously, the details of crystal melting and the temperature range over which solids may be superheated have been investigated. [1] [2] [3] [4] [5] [6] [7] In contrast to undercooling of liquid prior to crystallization, experimental superheating of crystals is difficult as grain boundaries and free surfaces lower the energy barriers for melt nucleation.
Superheating (ϭT/T m Ϫ1) of a crystalline solid occurs when the long-range order of the crystalline structure is maintained up to certain temperature T above the equilibrium melting temperature T m . Previously, the details of crystal melting and the temperature range over which solids may be superheated have been investigated. [1] [2] [3] [4] [5] [6] [7] In contrast to undercooling of liquid prior to crystallization, experimental superheating of crystals is difficult as grain boundaries and free surfaces lower the energy barriers for melt nucleation. 8, 9 Special experimental designs 5 and rapid heating are required to superheat crystalline solids. Catastrophic melting 1,2 and homogeneous nucleation 3, 4 theories have been utilized to define the limits of superheating, and a wide range of superheating (ϳ0.1-2.0) is predicted. Here, we will investigate the systematics of nucleation energy barrier for elements and compounds, and the corresponding superheating as a function of heating rate. We also compare theory to superheating achieved in experiments and simulations.
Homogeneous nucleation of melt may be described via classical theories. [9] [10] [11] [12] [13] [14] Let I be the rate per unit volume of steady-state homogeneous nucleation of melt in solid: 14, 15 IϭI
where ⌬G c is the critical Gibbs free energy for nucleation, and k is Boltzmann's constant. The prefactor I 0 can be obtained experimentally or theoretically. Consider a spherical liquid nucleus of critical radius within a crystal lattice, the critical nucleation energy 14, 15 Given the ␤ systematics, next we will develop a Q-dependent scheme to probe the systematics of superheating characteristic of elements and compounds. The undercooling experiments on various elements and compounds were documented, 14 and serve as the basis for our calculating the superheating at various heating rates. The parameters for undercooling such as ␥ sl , ⌬H m , T m , and molar volume V can be regarded as equal to those for superheating. In the case of superheating, the probability 14 x of v moles parent phase containing no new phase ͑liquid͒ under heating rate Q is
where ϩ denotes superheating, and the expression is similar for undercooling case ͑denoted with Ϫ). 
superheating, we will consider two extreme cases: Q ϩ ϭ1 K/s ͑corresponding to s ϩ ) and 10 12 K/s ( ns ϩ ). These heating rates should be regarded as typical but not exact, because a factor of 10 2 difference in Q would yield a negligible difference in given a reasonable value of f (␤,). Superheating at these heating rates is calculated in Fig. 2 for elements. Group IIIA-VIA elements ͑except Se͒ can be superheated more than transition elements ͑except Hg͒. The numerical relationship between ␤ and can be fitted with a simple analytical form
where A is a Q-dependent parameter. Aϭ60 and 31 at Q ϭ1 and 10 12 K/s respectively, and decreases with increasing Q. As a preliminary result, A(Q) is fitted as A(Q) ϭ60-2.4 log Q. While its exact physical meaning is not clear, A could be regarded as defining a relative characteristic time scale for nucleation at various heating rates. For silicates and alkali halides, the degree of superheating agrees with the fits for elements. Superheating is inherently limited by material property ␤, and increases monotonically with ␤ and Q ͑Fig. 2͒. Values of ␤ϭ0.2-8.2 correspond to superheating of 0.05-0.35 at 1 K/s and 0.06-0.45 at 10 12 K/s, respectively. Crystalline solids can be superheated by 0.1T m -0.5T m regardless of heating rates, and for transition metals, ϳ0.1-0.3. At similar heating and cooling rates, undercooling ( Ϫ ) is larger than superheating ( ϩ ). Despite significant differences in physical properties among these elements and compounds, superheating can be described by Eq. ͑5͒, which we expect to be valid for crystalline solids in general. Thus, we established the -␤ -Q systematics ͓Eq. ͑5͒ and Fig. 2͔ based on undercooling experiments and homogeneous nucleation theory.
During shock-wave loading via planar impact or intense laser irradiation, a solid is subjected to ultrafast heating. It is well known that pronounced superheating may occur in molecular dynamics ͑MD͒ simulations of perfect crystals with three-dimensional periodic boundaries. 17 Melt nucleation during such processes can be regarded as homogeneous. In contrast to low heating rate experiments at 1 K/s order, in shock-wave loading ͑e.g., planar impact͒, the shock-front rise time is on the order of 1 ns, and temperature increase upon shock compression is on the order of 10 3 -10 4 K; that is, Qϳ10 12 K/s. Q is similar in intense laser irradiation, depending on energy deposited, irradiation time, and material properties. Similar values of Q apply for MD simulations. Melting under ultrafast heating has been investigated experimentally employing both planar impact and intense laser irradiation. Sound speed and temperature measurement at shock state unequivocally demonstrated superheating of metals, alkali halides, and silicates. 6,18 -25 Time-resolved electron diffraction and mass spectroscopy demonstrated the occurrence of superheating during intense laser irradiation. 7, 26, 27 In Table I In the previous discussion, we assumed I 0 is similar for undercooling and superheating cases. I 0 for undercooling could differ by several orders from that for superheating. However, due to the nature of exponential function f (,␤), the superheating estimated this way should not deviate much from the true value as demonstrated by experiments and simulations. The observed superheating systematics manifest that catastrophic nucleation is limited by ␤ and Q. The superheating systematics are fundamentally attributed to atomic forces ͑e.g., binding energy͒ and characteristic of crystalline solids, while this phenomenological relationship needs to be established from first principles. With the -␤ -Q systematics, we can predict superheating at certain Q if ␤ ͑essentially, ␥ sl ) is known, or vice versa. Investigation of the parameter ␥ sl with experimental and theoretical ͑e.g., MD͒ techniques under high pressure and temperatures, remains challenging. Despite these uncertainties, it is clear that crystals can be superheated under ultrafast conditions, and the degree of superheating prior to thermal melting is in the range of 0.1T m to 0.5T m . While the predicted superheating from 0.05T m to 0.35T m at 1 K/s is seldom observed because free-surface effects dominate at low heating rates, the superheating systematics will be of practical importance for fast dynamic loading as well as molecular dynamics simulation of melting. 
